We investigated the association of five intronic single-nucleotide polymorphism (SNP) at the estrogen receptor beta (ESR2) gene locus and the susceptibility of developing Alzheimer's disease (AD) in 387 subjects with clinically diagnosed probable AD and 467 cognitively normal individuals derived from eastern Finland. According to our results, variation in the ESR2 gene is associated with an increased risk of AD in women, whereas it does not contribute to the disease susceptibility in men. More specifically, in women, the allele T and the genotype T/T of two of the studied ESR2 gene SNPs (SNP2 and SNP3) were more frequent in AD women than in cognitively normal control women (P ¼ 0.012 and P ¼ 0.016, respectively). The ESR2 SNP2 T/T genotype and the SNP3 T/T genotype were associated with a significant, nearly two -fold increase in the risk of AD in women (OR ¼ 1.87, 95% CI ¼ 1.21 -2.90), and remained significant after adjustment with the APOE genotype and age (OR ¼ 1.63, 95% CI, 1.00 -1.68). The combined effect of the ESR2 SNP2 T/T or SNP3 T/T genotype and female gender increases the risk of the disease (OR ¼ 3.2, 95% CI ¼ 1.3 -7.7). Consistent with these results, also the frequency of the haplotype containing the two above ESR2 gene risk alleles was elevated in AD women (P ¼ 0.027, OR ¼ 1.3, 95% CI ¼ 1.02-1.65). Results show that variation in ESR2 gene may be linked with increased AD susceptibility and furthermore, this association is gender specific.
Introduction
Alzheimer's disease (AD) is the most common type of dementia among the aged population. Thus far the only well-established genetic risk factor for late onset AD is the e4 allele of the APOE gene (apolipoprotein E). A number of studies have, however, predicted the existence of other late onset AD genes in addition to APOE. 1, 2 Also, the results from our previous genome wide association study pointed to the presence of several chromosomal loci linked with the risk of late onset AD. 3 One of those areas is located in chromosome 14q22 and contains a putative candidate gene that may be involved in the development of AD, namely the estrogen receptor beta gene (ESR2).
Estrogens have an important role in maintaining neural functions and in protection against damage in the normal adult brain (for reviews, see McEwen and Alves, 4 GarciaSegura et al, 5 Norbury et al 6 and Wise et al 7 ) . Estrogens promote neuronal cell survival and offer protection against neurotoxins. They facilitate axonal sprouting and neuronal repair, reduce neuronal injury and enhance synaptic transmission and neurogenesis. They may also regulate and influence mood, memory and cognition. 8, 9 These beneficial effects have led to the proposal that estrogens may also exert protective actions against neurodegenerative diseases, such as AD. The protective effects of estrogens have been detected in many epidemiological studies, which have led to proposal that estrogen replacement therapy may reduce the risk and severity of AD. 10 -12 Moreover, it might be speculated that the higher prevalence of AD in women when compared to men 13, 14 is due to estrogens. However, more studies are still needed to address the role of estrogens in the prevention, treatment and risk of AD since conflicting results have also been reported recently. 15 -17 Nevertheless, estrogen derivatives may still be plausible candidates in the development of treatment strategies for AD. One mechanism by which estrogens exert their protective effects in brain is through estrogen receptors. Currently, two estrogen receptor genes have been identified in humans: the original ESR1 (estrogen receptor alpha) and the more recently found receptor, 18 ESR2 (estrogen receptor beta), located on chromosome 14q22 -24.
19,20
Estrogen receptors are ligand-activated transcription factors located mainly in the cell nucleus. They mediate the effects of estrogens by binding specific DNA sequences called estrogen response elements present in the promoter regions or enhancers of target genes and subsequently regulate their transcription. 21 In the brain, the genes that estrogens regulate via their cognate receptors are thought to include apoptotic/antiapoptotic genes, neurotrophins and growth factors, and genes that mediate structural alterations in neurons and synaptogenesis. 7 Variation in both of these estrogen receptor genes has been linked with altered risk of AD in some, 22 -24 but not in all, studies. 25 Estrogen receptors have also been introduced to serve as candidates for therapeutic approaches aimed at protecting the brain from age-related neurodegeneration. 26, 27 Based on the biochemical link between estrogens, their cognate receptors and AD and, importantly, due to our results from a previous study pointing to the presence of an AD-associated risk gene at this locus (14q22 -24), 3 we wanted to investigate whether variation in ESR2 is genetically associated with the risk of AD. We did this by investigating five single-nucleotide variant (SNPs) sites of the ESR2 gene among 387 AD patients and 467 cognitively normal controls derived from eastern Finland. Moreover, since the prevalence of AD is higher in women when compared to men, 13, 14 and that this difference may be due to estrogens, we wanted to evaluate whether there would be a difference in the AD risk associated with these ESR2 gene variants between men and women. Our results show that ESR2 loci may harbor genetic variants that are linked with increased vulnerability to AD in a gender-specific manner. 
Subjects and methods

Subjects
SNP selection
Originally we selected 10 SNP sites from the dbSNP database, which covered the ESR2 gene. The heterozygosity of the selected variants in our population was investigated from 30 DNA samples, which we deemed to be high enough number to estimate the crude allele frequencies of these ESR2 SNPs (data not shown). This revealed that six of the SNPs were not informative enough for this study (minor allele frequency, MAF o0.1). When the selected variant sites were confirmed by sequencing, the data revealed an additional SNP (SNP1 in this study), not originally detected in the dbSNP database and this SNP was also included in the study. The selected SNPs (SNPs 1 -5) and their descriptions are presented in Figure 1 .
Methods
The five studied SNP sites (SNPs 1 -5, Figure 1 ) were amplified in three separate polymerase chain reactions (PCR) using a PCR machine (MJ Research, Inc., Waltham, MA, USA). The PCR for all of the reactions was 2 min at 951C, 35 Â (30 s at 941C, 30 s at 53 -661C, 30 s at 721C) and 5 min at 721C. The PCR primer pair sequences were (SNP1 and 2) 5 0 -atg ctg caa caa aca tgg aag t-3 0 and 5 0 -gtg ttg gcc agt ctg gtc tc-3 0 , (SNP3) 5 0 -agc cct ccc tga caa ttt ctt a-3 0 and 5 0 -gca ctg gca gga tgt tct aca g-3 0 , (SNP4) 5 0 -tga ctc taa tgc cag tct ctt cc-3 0 and 3 0 -ctc tac tct tga gct ttg tgc tg-3 0 , (SNP5) 5 0 -ttt ttg tcc cca tag taa ca-3 0 and 5 0 -aat gag gga cca cag ca-3 0 . The PCR mixture contained 25 ng human genomic DNA (extracted from peripheral blood), 1 Â PCR Buffer (AmpliTagGold, Applied Biosystems, Foster City, CA, USA), 200 mM of each of the nucleotides (dATP, dCTP, dGTP, dTTP, Finnzymes, Espoo, Finland), 0.5 mM of each primers and 1 U of the DNA polymerase (AmpliTagGold, Applied Biosystems) and was adjusted with dH 2 O to the final volume of 10 ml.
The samples were genotyped with the Snapshot method (Applied Biosystem). In all, 3 ml of each of the three PCR products were pooled and purified with SAP (2.5 U, Shrimp Alkaline Phosphatase, USB Corporation, Cleveland, OH, USA) and ExoI (Exonuclease I, New England BioLabs, Inc., MA, USA) treatment at 371C for 1 h and at 751C for 15 min. In total, 4 ml of purified PCR products, 1.25 ml of Snapshot Multiplex Ready Reaction Mix (Applied Biosystems), 0.1 ml of pooled extension primers (10 pmol/ml each) and 3.75 ml of Tris-HCl (10 Â ABI Buffer, Applied Biosystems) were mixed in a tube and adjusted with dH 2 O to the final volume of 10 ml. The Extension primer sequences were (SNP1) 5 0 -45(t) tct ggc cag ctg tgg tgg ctc-3 0 , (SNP2) 5 0 -24(t) ctt tgg gag acc aag gcg gg-3 0 , (SNP3) 5 0 -32(t) aaa ggg cag aga atg ctc ac-3 0 , (SNP4) 5 0 -51(t) taa ggc tga gaa gtg ccc aat-3 0 and (SNP5) 5 0 -40(t) ctg gag ttc acg ctt cag c-3 0 . The reaction was subjected to 45 cycles of the following steps: 10 s at 961C, 5 s at 501C and 30 s at 601C in a PCR machine (MJ Research). One unit of SAP was added to the reactions and incubated (1 h at 371C, 15 min at 751C). In all, 0.5 ml of the Snapshot products, 9.00 ml Hi-Di formamide (Applied Biosystems) and 0.25 ml size standard (GeneScan-120 LIZ, Applied Biosystems) were pooled, denatured at 951C for 5 min and loaded onto an ABI Prism 3100 Genetic Analyzer (Applied Biosystems). Electrophoresis data were processed and the genotypes were visualized by using the GeneScan Analysis version 3.7 (Applied Biosystems) and the Genotyper program (Applied Biosystems). APOE genotypes were determined as described previously. 
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Results
As expected, the APOE e4 allele was present significantly more frequently in the AD group when compared to controls. The APOE e2/e3/e4 allele frequencies were 0.04/ 0.80/0.16 in controls and 0.02/0.56/0.42 in AD, respectively (w 2 ¼ 151.6, Po0.001) and the OR associated with AD for carrying at least one copy of the APOE e4 allele was 7.1 (w 2 ¼ 175.5, Po0.001, 95% CI 5.3 -9.3) when compared to subjects with no APOE e4 allele. The APOE genotypes were distributed according to Hardy -Weinberg equilibrium (HWE) both in AD and control groups. Five ESR2 gene SNPs were genotyped and investigated in the study material (Figure 1) . Four of the studied ESR2 variants were in HWE both in the AD and control groups. One SNP (SNP4), however, was not able to fulfil the HWE either in the AD or control group and therefore it was excluded from further analysis. To determine whether the remaining four ESR2 variants were associated with AD, we initially compared the single-point ESR2 genotype and allele distributions between AD patients and cognitively normal controls in our whole study material. This comparison showed that the ESR2 genotype and allele distributions did not generally differ between AD patients and controls (P40.05, Table 1 ).
Stratification according to the gender revealed a statistically significant difference in ESR2 genotype and allele frequencies between AD patients and controls in women (Table 1) . According to the results, the ESR2 gene SNP2 genotype T/T and the SNP3 genotype T/T were more frequent in women with AD than in cognitively normal women (uncorrected P-value ¼ 0.016, Bonferroni corrected P-value 0.192). Also, the frequencies of the ESR2 gene SNP2 allele T and the SNP3 allele T were elevated in female patients (uncorrected P-value ¼ 0.012, OR ¼ 1.4, 95% CI ¼ 1.1 -1.7, Bonferroni corrected P-value ¼ 0.144,). In men, on the other hand, the studied ESR2 gene variations were not linked with any increased susceptibility to the disease (Table 1) .
To define the level of risk, logistic regression models were applied to estimate the relative risk of AD related to the different ESR2 genotypes (Table 2 ). This analysis showed that ESR2 SNP2 T/T and the SNP3 T/T genotypes were associated with a nearly 1.9 -fold increase in the risk of AD in women. Adjustment by the APOE and age diminished the risk but the association still remained significant (Table 2 ). When analyzing the combined effect of women gender and at least one T allele, the logistic regression analysis resulted in an OR of 2.7 (CI ¼ 1.2 -6.0). The Table 1 The genotype and allele frequencies of the studied estrogen receptor beta (ESR2) single-nucleotide variant sites (SNPs 1 -3 and 5) in Alzheimer's disease patients (AD) and controls in all subjects and in women and men We also performed an association analysis between AD patients and controls by using the five estimated haplotypes constructed from the ESR2 genotype data. This analysis did not reveal any association in either overall or single haplotype level among the whole material (P40.05, data not shown) or in men (P40.05, data not shown), whereas ESR2 haplotype frequencies deviated significantly between AD patients and controls in women (Table 3, uncorrected P-value ¼ 0.048, Bonferroni corrected Pvalue ¼ 0.096). Importantly, the haplotype H4, which contained the above-mentioned risk alleles T (SNP2) and T (SNP3), was more frequent in women with AD than in control women (uncorrected P-value ¼ 0.027, Bonferroni corrected P-value ¼ 0.405).
The genotypic disequilibrium values for all the comparisons were highly significant for all SNP locus pairs across all populations as well as separately in the AD and control groups (Po0.000001).
Discussion
We tested the association between the polymorphism in ESR2 gene and late onset AD and found that variation in the ESR2 gene could modify disease susceptibility. We performed an association analysis by using the allele, genotype and haplotype data from four ESR2 gene SNPs and could consistently show that variation in the ESR2 gene was linked with increased AD risk in women in our study sample. This association, however, was not seen in the whole study material or in men.
The lack of association between variation in ESR2 gene and AD in men indicates that the variation in the ESR2 gene may pose a gender-specific risk for the disease and is linked with an increased AD risk in women only. The reason for this finding remains unclear, but there is a sex difference in the incidence of AD, with women being more prone compared to men, 13, 14 and thus it could be speculated that sex steroids, such as estrogens and the genes in the estrogen response cascades (ie estrogen receptors) might be involved in the AD pathophysiology in women. According to the same line of thought, since estrogens exert their effects partly via estrogen receptors, a genetic variation in the ESR2 could also have a sex-specific role in AD risk. In a previous case -control study, variation in the CA repeat in intron 5 of the ESR2 gene was linked with susceptibility to suffer AD but on the contrary to our present results, a protective effect of ESR2 in AD, especially in men, was proposed. 24 In our study, the ESR2 genotype was linked with an increased risk of AD in women but we could not find any evidence for a contribution of the studied ESR2 gene variants to the risk of AD in men. It is possible that the different ethnic background and the smaller sample size in the previous study may account for the discrepancy in the results between the current and the previous study. Differences could also be attributable to the faster mutation rate of a microsatellite markers compared to SNPs. This, on the other hand, decays LD between a microsatellite and a disease locus more rapidly than between SNP and disease locus and therefore it is not possible to draw direct conclusions between the current and the previous studies. The association of the SNP rs_4986938 (SNP5 in our study) with AD has been investigated also previously in a case -control study, but in line with our results this ESR2 gene SNP showed no independent association with the risk of developing AD in the total sample nor separately for either gender. 33 The genetic variants that we tested lie in the introns or untranslated regions of the ESR2 gene and therefore it is unlikely that they represent pathological variants themselves. Rather, they may be marker alleles in linkage disequilibrium with a mutation elsewhere within or in the vicinity of the studied gene. The ESR2 gene consists of nine exons. The SNPs that were associated with AD in the current study (SNP2 and SNP3) lie in introns 3 and 4 of the ESR2 gene, respectively. The SNP5, which showed no association with the disease, on the other hand, lie in the 3 0 untranslated region of the gene. This could indicate that the 5 0 end of the ESR2 gene might harbor alleles that are related with an elevated risk of AD. SNP1, on the other hand, was the SNP closest to the 5 0 end of the gene but it did not appear to be involved with increased disease susceptibility. This could be due to the low minor allele frequency (MAF ¼ 0.1) of this marker. Therefore, perhaps a larger sample size would have been necessary to reveal the possible association between SNP1 and AD. In the case of SNP5, which showed a minor allele frequency similar to SNPs 2 and 3 (0.38 versus 0.44, respectively), it is more difficult to explain the lack of association between this marker and AD, bearing in mind that all of the SNPs were in tight LD with each other. However, it is possible that despite the tight LD between the studied ESR2 SNPs, the SNP5 is a part of some haplotype block other than the SNPs 2 and 3.
While the role of estrogens in prevention and treatment of AD is a matter of intense debate, experimental evidence do indicate that estrogens possess neuroprotective effects, are critical to cognitive function and may also be involved in neuronal disorders including AD. Although the specific functions of ESR2 in brain are unclear, there is evidence to suggest that ESR2 is linked with estrogen-induced neuroprotective effects and also to AD pathophysiology. Firstly, ESR2 is present in the hippocampal formation and entorhinal and temporal cortex and therefore this receptor might regulate gene transcription in neuronal populations important in cognition and memory. 34 Secondly, ESR2 has been reported to be necessary for neuronal survival and therefore could have an influence on the development of AD. 26 Moreover, ESR2 is required in estrogen-mediated neuroprotection against AD-related beta-amyloid 35 and glutamate toxicity 36, 37 and it has been linked with ADrelated neuropathological changes. 38, 39 Also, variation in the other estrogen cascade gene, ESR1, has been previously linked with increased risk of AD in some, 22, 23 but not all, studies. 25, 33 Thus, based on the evidence mentioned above, it could be speculated that a genetic defect affecting ESR2 gene could account for the increased vulnerability to develop AD. Other mechanisms also exist which could explain the link between ESR2 and AD found in the current study. For example, genetic and molecular biology studies concerning ESR2 have associated the gene with elevated blood pressure, 40 ,41 a disease which has been linked with increased susceptibility to AD. 42 In conclusion, we detected an association of the ESR2 gene and AD with a reliable number of carefully clinically evaluated AD patients and controls and found that the ESR2 genotype increases the risk of the disease in women. More specifically, women carrying two T alleles were over three times more prone to develop AD when compared to subjects with no T allele in the ESR2 gene SNP2 or SNP3 locus. Although the association found in this study was not a general phenomenon in our material, but was restricted to women patients only, the finding fits well to the view where estrogen, and perhaps also its cognate receptors, such as ESR2, most likely have a role in the risk of AD in women. However, these results have to be interpreted with caution since further studies using sufficient number of subjects from different populations as well as identifying the possible causative sequence alteration and its function at the genomic level are still needed to extend and confirm the role of ESR2 in AD. Nonetheless, this study supports the possible role of ESR2 as a potential target for therapeutic approaches that might be efficient in protecting the brain from age-related neurodegeneration.
